Abstract
INTRODUCTION
Acoustic Doppler Current Profilers (ADCPs) are extensively used in river flow measurements nowadays. The most general utilization of ADCPs is measuring river discharges from boats moving along river transects. The accuracy of these measurements can be sufficient if the application of such instruments is focusing on discharge determination, only (e.g. Yorke and Oberg, 2002) . However, making use of the fact that the ADCP records detailed three-dimensional velocity field, besides determining the river discharge, many other flow and river morphological parameters can be derived. Recently e.g. Rennie and Church (2007) estimated shear velocity derived from fitted logarithmic velocity profiles. Kim et al (2007) presented a software which provides dispersion coefficients driven by either vertical or transverse velocity gradients. Rennie et al (2002) reconstructed the apparent velocity of bed load in a gravel-bed river. In the present study detailed hydrodynamic survey of two river reaches was performed by means of ADCP in Hungary, as an important phase of 3D flow and sediment transport modelling project. Apart from collecting calibration and verification data to the numerical modelling, the differences between the case study areas, the actual flow regime during the measurements offered the opportunity for a methodological analysis of ADCP-based hydrodynamic surveys. The main focus was on quantifying and comparing the representativeness of moving and fix boat measurement modes on various flow features, including recommendations on the time needed in stationary mode operation to obtain sufficiently stabilized average profiles and related parameters. The mean-flow regulation of the present Hungarian reach of Danube River started in the second half of the 19. century has put an end to the natural meandering of the river channel by straightening many of its bends. Numerous pseudo-bends and irregular sections, so-called surflexions have been thus created. Figure 1 shows a regular curvature, in which the imaginary chord line, connecting the end points of the bend is leaving the river channel. In case of a pseudo bend, however, the chord remains inside the channel. The second curvature in Figure1 is, however, not a usual pseudo bend. Here two right curves follow each other while the highest velocity filament (dotted line) does not cross the centre of the channel. Instead, it turns back, towards the apex of the second curvature. At such bends, the guidance of water flow is very poor and this uncertainty generates unstable centre bars, repeatedly creating obstacles for navigation. Already in the first part of the last century, irregular depositions, moving bars were detected within the recently regulated mean-flow channel, and the navigation became more and more difficult. A comprehensive low-flow regulation project started erecting sets of spur dykes (groynes) alternatively at the opposite river banks ( Figure  2 ). In this way, the low flows were forced to develop low amplitude, though rather regular meanders inside the mean-flow channel. The systematic use of groyne fields has fixed the navigation routes in long straight reaches and even at pseudo bends, normalizing the occurrence of fords, thus improving the general conditions in most of the year. The handling of surflexion reaches, however, has remained a difficult task for river engineers so far. Since both banks of the regulated mean-flow channels were fixed more than 100 years ago by stone riprap embankments up to the mean flow level, their relocation, i.e. changing their platform is not feasible even at the most unfavourable reaches for economical reasons. As to the study reaches the first one comprises a 5 km long sandy-gravel bed reach of river Danube located in Central-Hungary (Figure 3 ), presenting problems for navigation for a long time. As a conventional remedy, groyne fields have been implemented to make and maintain the reach sufficiently deep, navigable even in low flow periods. As is usually the case, these works resulted in rather complex flow characteristics and related bed topography at places. The second problem section situated in the southernmost part of Hungary (Figure 3 ) downstream of Mohács city has got over-widened and shallow channel, also showing a surflexion character. At the upstream end the mean flow channel is about 300 m wide only, being significantly narrower than the regulated width in that reach of River Danube. Downstream of this "bottleneck", the channel widens to 600 m over a 3 km long distance. Navigation takes place along the right bank, while a 200-300 m wide shallow strip on the left side is covered by 15-30 m long and 0.5-1 m high dunes. The latter can easily be observed on low-altitude aerial photos taken in low-flow regimes. Recently, detailed hydrodynamic, morpho-dynamic and sediment measurement campaigns have been carried out in the introduced two Danube reaches. The main goal of the surveys was to produce sufficient input data for numerical modelling. Recently a number of papers have dealt with flow and morphological analysis in river reaches with hydraulic structures (see e.g. Tan et al, 2005 , Jia et al, 2005 , Sukhodolov, 2004 and emphasized the necessity of three-dimensional investigation of flows in such regions, either by hydraulic scale models using up-to-date measurement techniques or by spatial numerical models calibrated by field measurements. Since complex bed topography, furthermore, existing as well as designed hydraulic structures are present in the study reaches, a 3D CFD turbulence code proved reasonable to be adapted in this study.
MEASUREMENTS
In this study an RDI four beam 600 kHz Rio Grande ADCP was deployed from a vessel. On one hand, moving boat measurements were done with approximately 2.5 Hz sampling frequency with a vertical resolution of 25 cm. During the surveys DGPS position data were continuously collected which gave the opportunity to locate each measurement in absolute coordinate system. In each of the two Danube reaches seven transects were measured with moving vessel operation with an average spacing of 600 m apart. On the other hand, in each study area fixed vessel measurements were also done using the settings mentioned above. Five profiles per cross-section were measured over 10 min time interval. Recently, fixed vessel ADCP measurements have been done by e.g. Muste et al (2004) and it was shown that adequate mean and turbulence parameters of the flow can be captured, however, temporal and spatial scales of calculated flow features are strongly depend on instrument characteristics. Indeed, performing fixed boat flow measurements can have significant importance in measuring flows with strong spatiality e.g. in river bends, groyne fields, etc. In this study the goal of measuring in fix points was to reproduce mean vertical velocity distributions from which several parameters such as bed roughness, bed shear stress, shear velocity and dispersion coefficient could be derived using fitted logarithmic profiles.
Fixed vessel measurements
In the first step the sampling time length needed to get reasonably stabilized velocity values was investigated. In order to determine the required time interval the variation of the normalized mean square error (NMSE) was used, as defined by GonzalezCastro et al (2000):
where U = instantaneous velocity, U T = cumulated mean velocity from t = 0 to t = T and u' = velocity fluctuation. A characteristic plot of the error function in different depths of one profile is shown in Figure 5 . As can be seen a measuring interval of around 100 seconds gives adequate values fulfilling an error criteria of 5%. Despite in this plot one can see little variation of NMSE is not influenced by the vertical position of the measurement points, the relation between the required sampling time (that is to keep the error below 5%) and sampling depth was nevertheless investigated. Furthermore, the sensitivity on mean flow velocity and flow discharge was also analysed and significant correlation was not found. A typical instantaneous and a 10 min mean velocity profile is shown in Figure 5 . As is expected in a flow with high Reynolds number, the instantaneous velocity distribution is significantly scattering around mean profile.
To estimate local values of bed roughness, shear velocity and bed shear stress, a logarithmic curve, typical to turbulent boundary layer type of regions, was fitted to the measured velocity profiles. To observe the accuracy of the derived characteristics, the logarithmic profile fitting (Eq. 2) was performed based both on the instantaneous and the cumulated vertical velocity distribution.
where U = flow velocity, u * = shear velocity, κ ≈ 0,4 is the von Kármán constant, z = vertical position and z 0 is the height at which U is assumed to be 0. The distributions of roughness parameter and shear velocity show significant difference between the two estimation methods. Without averaging the measured velocities the characteristics are largely overestimated, at the same time, after a few tens seconds of averaging a fairly good estimation can be obtained.
Moving vessel measurements
ADCP technology has become a standard tool for reasonable estimations of river discharges by now. In the present study besides discharge estimation a closer look has been taken to the detailed spatial velocity distribution records. Parameters presented in section 2.1 were calculated in the same way. Since the sampling time step was relatively short (~ 0.4 sec) vertical velocity distribution showed high fluctuation, thus, most of the fitted logarithmic functions provided unrealistic values of z 0 and u * . Therefore, averaging of individual profiles was used to assess distribution of these parameters along cross-sections. To find the optimal number of profiles to average, three cases were distinguished (no averaging, and averaging 10 as well as 30 profiles). Distribution of the three derived parameters (depth-averaged velocity, roughness height and shear velocity) from a selected transect is plotted with and without moving average type of filtering in Figure 6 . For comparison parameters calculated from fixed vessel measurements are also displayed. Using long-term measurements as reference values, it can be seen that parameters from instantaneous profiles are widely scattering. Averaging the raw velocity data by using a ten profiles wide moving window, a more realistic pattern develops, but still significant scattering is remains. Creating a moving average of 30 velocity data yields values showing adequate agreement with long-term measurement parameters, the latter accepted as reasonably accurate, reference values. Dealing with moving boat measurements data filtering is not only a simple time averaging, but also a space averaging. A mean boat speed of 1.4 m/s and sampling rate of 2.5 Hz represent a space averaging of a 8.5 m wide section in case of a filtering over 30 elements. This width ensures that water depth is similar when creating average, nevertheless, it points out that the boat speed has to be chosen carefully respect to changes in river bed elevation.
Sediment and bed material measurements
Suspended sediment measurements were carried out using a pump. Water samples were taken from different depths of the water column (2-5 samples per profile) in 35 profiles in all. Laboratory analysis of the samples provided concentrations related to points and grain size distributions related to profiles. Bed material samples were also collected with a van Veen grab sampler in the same 35 points. Typical suspended sediment and bed material grain size distributions can be seen on Figure 7 . 
NUMERICAL MODELLING

Model description
The CFD code SSIIM (Olsen, 2002) where c is concentration, w is settling velocity, U 1, U 2 and U 3 are velocity components, x 1, x 2 and x 3 are spatial coordinates and T  is the turbulent diffusion derived from the k-ε model. Close to the bed the equilibrium sediment concentration is calculated by the formula of van Rijn (1984b) in which d i is the sediment particle diameter, a is a reference level set equal to the roughness height, τ is bed shear stress, τ c,i is critical bed shear stress for movement of particles according to Shield's curve, ρ w and ρ s are the density of water and sediment, ν is viscosity of water and g is the acceleration due to gravity.
Bed load is calculated with the empirical formula of van Rijn (1984a) 
Model calibration and validation
For model calibration field survey data from the actual project were used. For upstream boundary conditions in the hydrodynamic model the measured quasisteady discharges were given in both study cases with the values of 1450 and 1950 m 3 /s, respectively. The upstream boundary conditions were set in the sediment model, based on the measured suspended sediment concentrations from the transects closest to the inflow boundaries. Model calibration was performed varying the value of k s roughness height. One option could be to calculate k s according to the empirical formulas (e.g. van Rijn, 1984c ) using a characteristic particle diameter, but in case of fine sand bed material these formulas would give too small values, furthermore, bed roughness can be extremely underestimated if ripples and dunes are situated in the river. In the second study reach low-altitude aerial photos taken at low-flow regime have shown the presence of such bed forms, moreover, ADCP also captured dunes in the shallow zones, indicating the need to take them into account. Carrying out comparisons of measured and modelled cross-sectional velocity distributions, the best agreement was observed with a homogeneous k s of 0.06 m in the first reach and k s1 = 0.1 m and k s2 = 0.02 m in the second reach (Figure 8 ), respectively. The calibration and validation of the numerical model were performed assessing measured and modelled suspended sediment profiles and bed geometry changes during a two-week long moderate flood wave with a peak discharge around 3000 m 3 /s. A few examples from the model validation are shown in Figures 9-11 , comparisons of cross-sectional velocity distributions, suspended sediment profiles and bed changes, respectively. As can be seen in Figure11, while the locations of erosion and deposition zones are fairly well estimated, however, the magnitude of sedimentation is somewhat underestimated. 
Results
New hydraulic structures were designed into the problematic sections of the two river reaches and the impact on river morphology has been studied by using the presented numerical model. New groyne fields are planned to be constructed in the shallow zones aiming to force sediment settling between the structures and at the same time to deepen navigation channel (Figure 12 ). Five month long intervals were modelled in both cases assuming constant formative discharges of 1950 m 3 /s and related downstream water levels. Sediment parameters were taken from model calibration. Bed changes during the modelled periods can be seen in Figure 13 . As expected, due to narrowing, higher flow velocities are developing in the surroundings of the new structures resulting then in substantial bed erosion. In turn, between the planned groynes considerable deposition can be observed. Looking at marked cross-sections (Figure 14-15 ) it can be clearly seen that, indeed, the navigational channel deepened with a magnitude of 0.5 m in the first case and 1.5-2 m in the second case indicating a positive impact of the designed structures on low-flow fluvial navigation. It has to be taken into account, however, that natural flow regimes are highly unsteady and while low and mean flows result in the above-mentioned morphological changes, high waters and even floods might produce completely different effects. Two five km long reaches of River Danube presenting problematic sections for fluvial navigation in low-flow periods have been investigated. Detailed hydrodynamic, and sediment measurements as well as bed topographic surveys have been carried out in order to get adequate data to calibrate and verify a three-dimensional CFD model. In the hydrometric analysis both fixed and moving boat measurements were performed with an ADCP providing the opportunity to compare flow parameters derived from long-term mean velocity profiles and from instantaneous data. Timeaveraging long-term fixed boat ADCP data, logarithmic velocity profiles were fitted and depth-averaged flow velocity (u m ), roughness height (z 0 ) and shear velocity (u * ) were successfully estimated. It was shown that by horizontally space-averaging 30 neighbouring elements a fairly good estimation similar to the fixed boat ones could be obtained. Filtered velocity data, sampled suspended sediment profiles and bed elevation changes were compared with modelled results showing satisfactory agreement.
Having the model validated, the impacts of designed hydraulic structures were analysed. Defining a steady bed-forming discharge at the upstream boundary, five month long time periods were modelled in both study reaches with bed topography modified by the planned groyne field. Model results showed a reasonable impact, i.e. in the contracted section of the navigation channel considerable erosion took place, whereas zones with almost zero velocity between the groynes resulted in sediment deposition. Though modelling results indicate positive effects on fluvial navigation, it has to be considered that due to local bed erosion in the study reaches, a large quantity of sediment will be transferred in downstream direction. Since the second investigated river reach is situated close to the border with Serbia, any kind of river engineering intervention has to be considered carefully.
